Envisaged applications of skyrmions in magnetic memory and logic devices crucially depend on the stability and mobility of these topologically non-trivial magnetic textures in thin films. We present for the first time experimental evidence for a characteristic 3D modulation of the skyrmionic spin texture that was theoretically predicted by Rybakov et al. Inherent to this structure is the gradual change of the Bloch nature of the skyrmion in the depth of the film to a Néel-type skyrmion upon approaching the film surface. Electron holography-based tomographic investigations reveal that the thickness of the near-surface Néel-modulated layers reaches some 50 nm. Our results highlight the relevance of surfaces for the formation of skyrmions in thin film geometries and pave the way towards a surface-induced tailoring of the skyrmion structure.
I. INTRODUCTION
Skyrmions [1] are topologically non-trivial vortex-like spin textures, anticipated for application in spintronic technologies, referred to as skyrmionics, in next generation magnetic data processing and storage due to their facile manipulation by spin-polarized currents of very low magnitude [2, 3] . Moreover, the unique features of skyrmions, e.g., their dynamics, topological structure, competing magnetic interactions, are generally of great interest from a fundamental physics point, understanding emerging magnetic field-like interactions induced by topologically non-trivial chiral spin structures. In chirallattice ferromagnets without spatial inversion symmetry, such as the B20 compound Fe 0.95 Co 0.05 Ge (see Fig.  2 (a)) investigated in this work, skyrmions arise from the interplay between the Dzyaloshinskii-Moriya interaction [4, 5] and ferromagnetic exchange mechanisms [6] . Indeed, these and similar competing interactions, such as surface dipolar interaction, may lead to a whole zoo of non-trivial spin textures, including helical, cycloidal and various skyrmionic phases (antiskyrmions [7] , Néel skyrmions [8] ). Besides spin-polarized STM [9] and MFM [10] probing the surface spin texture, X-ray microscopy [11] was used to investigate the projected magnetic structure of skyrmions. Furthermore Lorentz transmission electron microscopy (TEM) and transport of intensity (TIE) holography have been employed to reveal the projected skyrmionic texture in a variety of studies [12] [13] [14] [15] in dependency of the applied magnetic field, temperature, sample thickness and crystallographic orientation, covering a large class of materials.
However, in particular for skyrmionics, knowledge about the full three-dimensional spin texture including its coupling to surfaces and interfaces, ubiquitous in thin film technology, is of fundamental importance. It determines the stability and dynamics of the skyrmion state. Unfortunately, little is known about the threedimensional shape of skyrmions [16, 17] , although considerable similarities to smectic liquid crystals may be established [18, 19] . Rybakov et al. [20] computed a fullblown phase diagram of helical, skyrmionic, and other magnetic textures (see also Bobbers [21] ) in isotropic chiral magnets in thin film geometries. In particular, they theoretically predicted the presence of a hitherto unknown intermixing of Néel skyrmions into the dominating Bloch skyrmion state within film thicknesses below one helical period [20] . This renders the skyrmionic state stable in thin film geometries (making it a ground state) as opposed to its metastable (i.e., excited) nature in the bulk. Experimental studies on the modulated 3D spin texture in skyrmions have not been reported to date. Similarly, almost none of the abundant microscopy studies [12-15, 17, 22-24] give quantitative values of projected magnetic fields carrying a fingerprint of the modulated 3D texture to the best knowledge of the authors.
Here, we fill that gap by combining TIE, focal series inline electron holography (EH), and off-axis EH to quantitatively reconstruct the projected magnetic field pertaining to both the helical and the skyrmion lattice phase in single crystal nanoparticles of the isotropic chiral magnet Fe 0.95 Co 0.05 Ge. By combining these investigations with electron tomography and magnetostatic simulations of the fields, we extract quantitative information on the 3D spin texture of skyrmions. We find a surface modulation corresponding to the 3D modulation proposed by Rybakov et al. [20] .
II. FUNDAMENTALS
Following [25] one may describe the isotropic chiral magnet FeGe (space group P 2 1 3) with a continuum spin model (normalized magnetization vector m), i.e., as a (meta)stable state of the free energy
the interplay of ferromagnetic exchange and the Dzyaloshinskii-Moriya interaction leads to the formation of a helical spin order with a periodicity L D = 4πJ/D determined by the ratio of the Dzyaloshinskii-Moriya interaction constant D and the ferromagnetic exchange interaction constant J (L D ≈ 70 nm in FeGe [26] ). When additionally applying a weak magnetic field below the critical field
skyrmions typically arrange in a hexagonal lattice formed by three superimposing helical spin waves appearing in a plane normal to the field irrespective of the crystal orientation due to the weak crystal anisotropy in FeGe.
Besides, it is well-known that the stability of a skyrmion state increases as the thickness of the FeGe lamella decreases [13] . Recently, Rybakov et al. [20] predicted a 3D modulation of the helical phase with a pure Bloch type spin texture in the middle and increasing Néel type character towards the surface of the lamella as depicted in Fig. 1 (a) for the helical and (b) for the skyrmionic phase. This modulation is responsible for the stabilization of the skyrmionic state in thin films.
The proposed 3D texture can be described by the zinvariant helical spiral modulated by an additional azimuthal modulation of the magnetization, ψ = sin L D z, corresponding to that of the well-known cone phase. Alternatively, it may be interpreted as a z-dependent mixing between helical and cycloidal spirals.
III. EXPERIMENTAL
In order to experimentally search for this 3D modulation we apply TIE holography, focal series in-line and off-axis EH, which enable probing the projections of the z-component of the rotation of the magnetic inductioń (∇ × B (r ⊥ , z )) z dz and the projections of the lateral components of the magnetic induction´B ⊥ dz, respectively (see Suppl. IV). This implies that cycloidal modulations (and hence also Néel skyrmions) are invisible in these techniques, if they are aligned perpendicular to the beam, either because the z-component of the rotation vanishes directly or because the stray fields above and below the thin film sample cancel the lateral fields within the sample in projection. Thus, to observe cycloidal modulation the specimen needs to be tilted with respect to the electron beam. The skyrmion phase was investigated using a double corrected FEI Titan 3 80-300 microscope operated in imaging corrected Lorentz mode (conventional objective lens turned off) at an acceleration voltage of 300 kV . All measurements were performed at a sample temperature of 90 K using a Gatan double tilt liquid nitrogen cooling holder. Since artifacts implemented during the sample preparation in the standard FIB preparation of thin TEM lamellas may alter the magnetic properties of the thin film, we investigated as-prepared Fe 0.95 Co 0.05 Ge particles (for further information see Suppl. I). For TEM investigations, the particles were transferred onto a holey carbon film by swiping the TEM grid gently over the particles on top of the Ge substrate. An applied field of 43 mT in out-of-plane direction lead to the appearence of the skyrmion phase in the slab-like Fe 0.95 Co 0.05 Ge nanoplate (see Fig. 2 (d) ). A focal series of Lorentz TEM (L-TEM) images ranging from +840 µm to −840 µm in focus steps of 84 µm of a single isolated nanoplate oriented along [001] zone axis (see Fig. 2 (b) ) was recorded. Reconstruction of the electron wave's phase and hence the magnetic induction was obtained with the help of a modified Gerchberg-Saxton type algorithm incorporating affine image registration due to magnification change and residual shifts as well as rotations building up in such a long range focal series [27] .
To supplement the focal series reconstructions from large field of views (eventually suffering from a damping of very low and large spatial frequencies [27] ), smaller areas of the same nanoplate were investigated by off-axis EH [28] . To this end, the electron biprism voltage was set to 180 V to produce an overlap interference width of 500 nm and a holographic interference fringe spacing of 1.4 nm. For hologram recording, an exposure time of 4 s was employed. Off-axis electron holograms were reconstructed numerically using a standard Fourier transform based method with sideband filtering using in-house developed scripts for Gatan Microscopy Suite Software (GMS). Contour lines and colour maps were generated from recorded magnetic phase images to yield magnetic induction maps (see Suppl. Information Figs. 3 and 4 for details). The sample thickness was determined by means of zero-loss energy-filtered (EF)TEM using a Gatan Tridiem 865 energy filter yielding a thickness wedge over the field of view between 100 nm and 150 nm in the case of in-line EH as well as between 100 nm and 200 nm in the case of off-axis EH. In the latter case, the thickness measurement was confirmed by using the phase image (see Suppl. II and III).
To characterize the z-modulation, we recorded a L-TEM tilt series of the helical phase of the previously investigated nanoplate ranging from -30 to +30 degree with no magnetic field applied (Fig. 2 (c) ). Higher tilt angles could not be attained because of technical limitations of the liquid nitrogen cooling holder. In order to extract 3D information from the limited tilt range of projections, we compare the tomographic data to projected magnetic fields obtained from magnetostatic simulations (see Suppl. V). We hereby take into account a z-dependent spin modulation as shown in Fig. 1 below the surfaces of the nanoplate, with the thickness of these layers serving as free parameter, which may be adapted to the experimental observations. The z-invariant case (i.e., surface layer thickness equal zero) is used as reference.
IV. RESULTS
A summary of the cryogenic tilt series analysis of the helical phase is depicted in Fig. 3 . We observe sinusoidal modulations of the Lorentz contrast (i.e., defocused image contrast) with a period of appr. 75 nm corresponding to spiral magnetic textures aligned in plane. Rather large contrast variations upon tilting (e.g., bending fringes) are related to changes in the dynamic scattering conditions at the thick crystalline sample. In the investigated sample the helices are aligned parallel to the tilt axis, which allows to pinpoint the previously discussed mixing of helical (i.e., Bloch type) and cycloic (Néel type) spiral spin textures. If there would be a pure helical spiral without a modulation in z-direction, upon tilting (tilt angle α), both a contrast increase of the fringes by a factor of 1/ cos (α) corresponding to a change of the projected thickness and a shift of the fringes due to a shift of the inplane magnetic field components (see Suppl. IV Eq. 4) would be observable. Whereas the shift is difficult to detect experimentally due to the complicated alignment of the tilt series, the contrast change clearly deviates from the z-invariant texture model (compare black dots and red lines in the graphs in Fig. 3) . Indeed, the presence of cycloic modulations leads to additional fringe contrast, which increases upon tilting the specimen. These additional fringes have contrast maxima appearing at the maxima of the helical contrast at zero tilt, where the spins originally point into x-direction (see Fig. 1 ). Most importantly, if we adjust the surface layers in such a way that the cycloic modulation builds up to approximately 50 nm (total film thickness t ≈ 150 nm), the simulated Lorentz contrast agrees very well with the experimentally observed intensity modulation (compare black dots and lines in the graphs in Fig. 3) .
In case of the skyrmionic lattice a tomographic investigation of the 3D modulation is currently experimentally unfeasible, because this would require an externally applied out-of-plane magnetic field to be tilted with the sample. In the current experimental setup, the skyrmions align along the magnetic field of the objective lens which has a fixed orientation along the optical axis. Thus, indirect experimental evidence for the 3D modulation in the skyrmionic lattice may be currently only inferred from a quantitative analysis of the projected magnetic induction in the sample conducted with the help of in-line and off-axis electron holography. (In order to overcome these pertaining experimental challenges in-situ magnetic vector field application devices and auxillary magnetic signals such as EMCD [29] [30] [31] [32] would be helpful). Fig. 4(a) depicts a L-TEM micrograph in underfocus showing the hexagonal skyrmion lattice as dark contrast, which is one image of the focal series used for in-line holography reconstruction of the object exit wave in amplitude and phase (see Sect. III for aquisition and reconstruction parameters). The projected in-plane components of magnetic induction (B proj ⊥ (x, y)) were computed from the spatial derivative of the reconstructed phase image (Suppl. Eq. 3). The knowledge of the projected thickness, which we determined by zero-filtered EFTEM (see Suppl. III), enables us to compute the B ⊥ (x, y) components averaged along z-direction, i.e., B ⊥ (x, y). Figs. 4(b,c) show magnetic induction maps B ⊥ (x, y) in cylindrical coordinate representation visualizing the spin texture of the skyrmions by B φ (x, y) (Fig. 4(b) ) and their donutshaped magnitude by B r (x, y). Likewise, we observed magnetic induction maps (Figs. 4(e,f) ) from a phase image reconstructed by off-axis EH (Fig. 4(d) ) on the same Fe 0.95 Co 0.05 Ge nanoplate. Comparing the results of the two holographic methods, we measure a slightly higher magnetic induction B r (x, y) with a slightly higher spatial resolution in the case of off-axis holography. However, we consistently observe a reduction of the B-fields (B max = (0.2 ... 0.3) T ) with respect to the z-invariant case (B max = 0.48 T ) obtained from magnetostatic simulations (see Suppl. V). When comparing the reduction of the projected magnetic field with that resulting from the Bloch-Néel skyrmion mixing (see Fig. 1 ) present in a 50 nm layer below the surfaces, we again obtain quantitative agreement with simulated B-fields. Summarizing the above results, we obtain very good agreement between holographically reconstructed projected magnetic fields and theoretic predictions, if we incorporate the recently proposed 3D mixing of the Bloch skyrmion (helical) phase with Néel skyrmion (cycloidal) modulations in a surface layer of about 50 nm. That latter value approximately corresponds to the maximal thickness of stability of the z-modulation as predicted by Rybakov et al. [20] . Our experimental results corroborate the important role of the 3D modulation for the skyrmion lattice formation in thin films, implicating, e.g., the large phase space region of stability of the skyrmion lattice in thin films. Turning the argument around, precise tuning of the film thickness in combination with appropriate surface engineering may be used to further increase the stability regime or to precisely adjust the transport in devices. For example, due to the characteristic difference in how spin-transfer-torque and spin-Hall-effect affect Bloch and Néel skyrmions [33] , we anticipate a deliberate manipulation of the drift velocity and direction (under application of spin-polarized currents) of skyrmions via engineering the topography of thin films. Hence the general transport properties of the skyrmions can be controlled by exploiting the Bloch-Néel skyrmion mixing, opening new avenues towards engineering the transport of skyrmions via surface modulated thin films.
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I. SAMPLE PREPARATION
Single crystals of FeGe were grown by chemical transport reaction. The transport experiment was carried out from the elements (Fe 99.998 % Alfa Aesar, Ge 99.9999 % Alfa Aesar) in an evacuated quarz tube in a temperature gradient from 580
• C (source) to 540
• C (sink). Iodine was used as transport agent. Selected crystals were characterized by EDXS, X-ray powder, and X-ray single crystal diffraction.
Fe 0.95 Co 0.05 Ge particles were fabricated by chemical vapor deposition process analogous to the one described in [1] used to form B20 FeGe nanowires. This CVD process, which was carried out at 550
• C, was adjusted slightly by the addition of 100 mg of CoI 2 to the alumina source boat. This addition of CoI 2 resulted in both the small introduction of Co (<10%) into the final particles as well as the drastic change in morphology from nanowires to the slab-like particle shape.
II. OFF-AXIS HOLOGRAPHY RECONSTRUCTION
Fig. 1 depicts object hologram, from which the object exit wave, amplitude and phase, is reconstructed. The inset shows the hologram fringes within the Fe 0.95 Co 0.05 Ge specimen with reasonable contrast of 5.5 % at 1.4 nm fringe spacing (6.6 hologram pixels /fringe). The Fourierbased reconstruction envolves fast Fourier transformation (FFT) of the hologram, centering and cutting out one sideband with a numerical mask (here: sinc-modulated square mask with 0.25 nm −1 edge length ) and inverse FFT of the cut sideband. Furthermore, the phase image had to be unwrapped further to obtain the full phase shift larger than 2π, and the phase offset was set to zero in vacuum (lower right edge of the image).
III. THICKNESS DETERMINATION
The object thickness was measured by evaluating zeroloss TEM micrographs with 10 eV energy slit width denoted here as I in . In addition, unfiltered images were acquired to take into account the contribution stemming from elastical scattering denoted here as I el . The thickness t over inelastic mean-free-path λ in map can be computed using the relation
With the knowledge of λ in = 140 nm which we computed from the laws of plasmon scattering [2] , we are able to determine a thickness map t (x, y) as depicted in Fig. 2 Likewise, the specimen thickness was determined exploiting the relation between the phase shift ϕ (x, y) and the thickness distribution t (x, y), i.e.,
with the interaction constant C E = 0.0065 rad /V nm at 300 kV accelaration voltage and the mean inner potential (MIP) V 0 . The latter was determined to V 0 = 13.4 V using, a) isolated atomic potentials for Fe and Ge (parametrization of Weickenmeyer and Kohl [3] ), b) a lattice constant of the cubic unit cell of 4.7Å, and c) two atoms per unit cell for Fe and Ge, respectively. The result shown in Fig. 3 reveals that the obtained thickness wedge (3(c)) deviates only by about 10 nm compared to the corresponding one obtained by EFTEM ( Fig. 2(d) )
IV. HOLOGRAPHY
In off-axis electron holography the magnetic phase shift between the electron wave passing the object containing the skyrmions and the vacuum reference wave is given by arXiv:1710.08322v1 [cond-mat.mtrl-sci] 23 Oct 2017
the Aharonov-Bohm effect, i.e., by the magnetic flux enclosed between superimposing paths of the object and reference wave (e.g., [4] ). Consequently, the spatial derivative of the reconstructed phase reads
facilitating the computation of the projected magnetic fields. The last line of the above relation also holds in the case of Inline holography. To separate electric and magnetic phase shifts two images with flipped specimen are recorded [5] . Subtracting both allows to remove the electric phase shift, which is not changing sign under spatial inversion (as opposed to the magnetic one, which changes sign).
Lorentz imaging refers to a magnetic imaging technique, generating a magnetic contrast through defocusing. If the defocus is weak, a linear relation between magnetic field and contrast change may be established (indeed the following partial differential equation may be solved for the projected in plane components of the magnetic field following the Transport of Intensity reconstruction method [6] )
V. MAGNETOSTATICS
The saturation magnetization in FeGe (and hence Fe 0.95 Co 0.05 Ge to a good approximation) assuming approximately 4 spin moments per unit cell amounts to For the quantitative simulation of the complete magnetic field distribution (and hence the projected fields) in and around a thin slab of FeGe carrying a 3D modulated helical or Bloch Skyrmion texture we solved the wellknown system of magnetostatic equations ∇M = Φ M (7) H = ∇Φ M B = µ 0 (H + M ) with a scalar potential Φ M . We use periodic boundary conditions at the edges of a sufficiently large supercell containing the slab. As input magnetization M we employ the spin textures discussed in the main text, consisting of a z-invariant helical or Bloch skyrmion texture in the middle and a mixed helical / cycloic or Bloch / Néel skyrmion texture in a thin layer beneath the surfaces. 
